Unprecedented rf powers (-300MW to -3GW) have been achieved in elativistic magnetronsl-9 operating at voltages from several hundred kilovolts to 1MV, and drawing kiloamperes of current from field emission cathodes. These impressive results have reawakened an interest to better understand the interaction of the electromagnetic field and the dense space charge cloud in magnetron-type devices. Numerous attempts have been made over a span of forty years,"-1 4 to calculate self-consistently the rf fields under the large signal conditions prevalent in the magnetron, and from these to predict the current, voltage, microwave power and efficiency.
Since these studies are based on certain assumed steady state configurations, they give but a qualitative understanding of the phenomena. At best, they yield magnetron scaling lawsi useful to microwave tube designers. This Letter describes a self-consistent numerical simulation which addresses itself to those questions that have eluded analytic techniques. The simulation is a twodimensional, electromagnetic, fully relativistic particle-incell"'1,1 7 code. It includes the complete geometry of the vane resonators embedded in the anode block, rf loading of the resonators, space-charge limited emission from the cathode, and the external voltage source of finite impedance. The simulation is also applicable to smooth bore magnetrons's, 1120 and to the study of magnetically insulated high-voltage transmission systems. 2 ' The code embodies several major improvements over an earlier magnetron simulation 2 2 which was electrostatic (in the moving wave frame), and which did not treat the anode geometry in detail.
Our simulation has been applied to a 54 vane inverted relativistic magnetron 9 operating at a voltage of -300kV and a magnetic
1.
In the simulation, the two-vane structure was represented on a 32x32 mesh, and the fields and particle positions were integrated forward in time with successive time steps of 2x10- 1 2 ing from 5ns to 15ns is due to a fall in the magnetron voltage.
Our numerical simulation also yields a complete space-time history of the particle momenta. Figure tered by the strong, synchronous rf fields that exist there. For efficient wave-particle interaction to occur, near synchronism must exist between the particle velocity and the phase velocity of the slow electromagnetic wave traveling along the structure. We find that at 15ns, synchronism occurs for particles residing at the very top of the Brillouin layer, traveling at a velocity of 1.13xlOm/s. Lower lying particles are not synchronous, and here the rf fields, though strong, have little effect beyond possibly causing mild particle heating. We note that the observed synchronism of the uppermost layer is a statement of the fact that our fully oscillating magnetron operates exactly at the BunemanHartree7, 2 8 oscillation threshold.
A study of the spatial distribution of the vertical particle momenta sheds light on a long standing controversy between two steady-state models. Is the electron flow laminar, parallel to the cathode, as proponents" - Results from our simulation show that the flow is mixed: at any given time, there is a class of particles whose motion is largely laminar, and a class of particles whose motion is largely cycloidal, together with particles exhibiting a gradual transition between these two states. Cold fluid-theory ddes not predict the existence of the in-between type-of motions.
The temporal buildup of the current, voltage, and the rf fields is illustrated in Fig. 3 . The amplitude of the rf field in the expected mode of operation (the 7 model in which fields in adjacent vanes are 180* out of phase) was initialized in the computer code. This "priming" was done in order to reduce computer costs, since it was not known a priori how long it would take the signal to grow from noise (as it does in an actual magnetron).
The current drawn during the first three nanoseconds is due mainly to the capacitive charging of the device which has initially a very large impedance. In the time interval from -5ns to -8ns, the current rises, the voltage falls, and magnetic insulation is We have also begun a particle simulation (in r, e coordinates) of a compact six vane magnetron 1 ' 2,3 operating at a frequency of 4.6GHz and capable of delivering7 an average power of -400MW at a voltage of 350kV and'
1 -900MW at a voltage of lMV. This unusual magnetron is characterized by a very small anode-cathode gap size (0.55cm), which has the tendency to short out the tangential rf electric fields. Consequently, 7 the device operates in the 27r mode, in which the rf fields in adjacent vanes are in phase rather than being out of phase as is the case in conventional magnetrons.
In conclusion, then, we have presented some initial results from our magnetron simulation. To achieve these results several innovations were incorporated in the code. The first was the in- 
